Objectives: To determine the molecular characteristics of ESBL-producing Escherichia coli (ESBL-E) collected during a longitudinal study on an organic broiler farm in order to investigate clonal expansion and horizontal gene transfer.
Introduction
ESBL-producing Escherichia coli (ESBL-E) are frequently reported in broilers. [1] [2] [3] In 2009-10 in the Netherlands, all conventional and organic broiler farms were found to be ESBL-E positive. 2, 3 The presence of these resistant bacteria in animals, the farm environment and broiler meat can potentially lead to transmission to humans. 4, 5 Longitudinal studies on prevalence and spread of ESBL-E are scarce, but are important in order to understand the transmission dynamics of ESBL-E. [6] [7] [8] [9] One German longitudinal study focused on environmental contamination inside and outside the barn on ESBL-E-positive broiler farms, but no samples from individual animals were taken. 8 In a longitudinal study on three Dutch conventional broiler farms, the prevalence of ESBL-Epositive birds increased within the first week from 0%-24% to 96%-100% and stayed 100% until slaughter. Environmental samples from the broiler house were still positive for ESBL-E after cleaning and disinfection. These isolates were not further characterized. 6 In a recent longitudinal study on an organic broiler farm by Huijbers et al. 9 tagged broilers were followed up individually from arrival on the farm until slaughter age. The results suggested that total ESBL-E persistence, and the resulting endemic situation, seemed to be caused by shifts in phylogenetic groups. The collected isolates provide a unique opportunity to further study transmission dynamics. The aim of the present study was to analyse the isolates from this longitudinal study by MLST, sequencing of the ESBL genes and plasmid typing in order to elucidate whether transmission of ESBL genes is the result of clonal expansion, horizontal gene transfer or both. This information can be used as the starting point for future interventions to control contamination of animals and potential spread to humans.
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Materials and methods
The original study 9 was conducted in accordance with the Dutch Law on Animal Health and Welfare and approved by the Animal Welfare Committee of Wageningen University (registration code 2012110.b).
Study design and isolation of ESBL-E
From June until November 2013 a longitudinal study was performed during two consecutive production rounds on an organic broiler farm in the Netherlands as described by Huijbers et al. 9 In summary (Figure 1 ), cloacal swabs from broilers [20 un-tagged (not shown) and 80 tagged] and environmental wipes from inside the broiler house were taken between the arrival of the animals on the farm and slaughter age: seven times in round_1 (days 1, 3, 4, 7, 10, 42 and 70) and four times in round_2 (days 1, 2, 3 and 70). In addition, samples from the broilers, transport van, broiler house, sample takers and paper lining of the transport boxes were also taken at the arrival of the broilers on the farm, shortly before the birds were released into the broiler house. All samples were analysed for the presence of ESBL-E by selective enrichment and plating. Isolates were tested phenotypically for ESBL/AmpC-production by combination disc-diffusion tests and genotypically analysed for E. coli phylogenetic group, as well as bla CTX-M groups, bla OXA , bla SHV and bla TEM . 9 The isolates from un-tagged animals were excluded from the study presented here, because the current goal was to specifically investigate the characteristics of ESBL-E isolates of individual broilers over time. Consequently, isolates from 70-day-old broilers in round_2 were also not studied, because their tags were no longer visible for identification. The broiler house samples were only included on day 1 as they represent the environment before contamination by the broilers.
To specifically investigate the characteristics of ESBL-E isolates of individual broilers over time, isolates derived from randomly chosen broilers in round_1 and in round_2 (n " 35 and n " 10, respectively) were included in this study (Figure 1 ).
MLST and molecular typing of ESBL genes
MLST of a total of 334 ESBL-E isolates was performed according to Wirth et al. 10 In round_1 ( Figure 1 ) MLST was performed on all E. coli isolates originating from environmental and human samples taken on day 1, i.e. from air (n " 10), faeces from the transport boxes (n " 12), the delivery van (n " 6) and a sample taker (n " 3). In addition, MLST was also carried out on isolates (n " 252) from 35/80 selected tagged broilers from day 1 to day 70 in round_1. For five broilers, all available isolates were included, whereas for the other 30 broilers one isolate per phylogenetic group was analysed. In round_2 (Figure 1) , MLST was performed on 20 day-1 isolates: environmental wipes (n " 12); transport boxes (n " 3); the delivery van (n " 2); and a sample taker (n " 3). In addition, MLST was performed on 31 E. coli isolates from 10/80 selected tagged broilers to cover all phylogenetic groups found in these tagged animals.
From every broiler sample one isolate was selected at every timepoint for ESBL gene characterization by PCR and sequencing, 11 except when different phylogenetic groups were found within one sample. In the latter The isolates in this study in round_1 were derived from 35 of the 80 tagged broilers sampled. 9 These 35 broilers were ESBL-E positive at three different timepoints at least (Table 1 ). In round_2, the isolates were isolated from 10 tagged broilers. They were all ESBL-E positive at day 2 and day 3 ( Table 2) .
ESBL E. coli carriage in organic broilers JAC case, every phylogenetic group per sample was included in the selection (Table S1 , available as Supplementary data at JAC Online). This has led to a selection of 164 isolates from round_1 and round_2 and included broilers (n " 147), air (n " 3), paper linings with faeces from the transport boxes (n " 5), the delivery van (n " 3) and a sample taker (n " 6) ( Figure 1 ).
Plasmid characterization
Plasmid characterization was performed on a selection of 37 isolates from six tagged broilers in round_1 displaying various E. coli STs at different timepoints. Plasmids were extracted using the Qiagen Plasmid Midi Kit (Qiagen Benelux, Venlo, the Netherlands). Plasmids were transformed into competent cells [ElectroMAX TM DH10B TM cells (Invitrogen/Fisher Scientific, Landsmeer, the Netherlands)] by electroporation. The resulting transformants were cultured on LB agar (MP Biomedicals, Amsterdam, the Netherlands) containing 1 mg/L cefotaxime (Sigma-Aldrich, Zwijndrecht, the Netherlands) to isolate recipients carrying an ESBL plasmid, according to Dierikx et al.
12 PCR-based replicon typing (PBRT) was conducted on transformants to identify the replicon type of the plasmid using the commercially available PBRT kit (Diatheva, Fano, Italy; version 12/11/2015), according to Carattoli et al. 13 The IncI1 plasmids were further characterized by plasmid MLST (pMLST). 14 
Results
All ESBL-E isolates carried CTX-M group 1 genes. 9 Sequence analysis of 158 isolates from broilers, transport boxes and the delivery van showed that they all harboured bla CTX-M-1 . The ESBL gene variant of the isolates (n " 6) from the sample taker was bla CTX-M-15 (Table S1 ).
The MLST results for each day from 35 randomly selected, tagged broilers in round_1 are shown in Table 1 (also see Table S1 ). On day 1, ESBL-E ST88 (clonal complex 23; belonging to phylogenetic group A1) predominated ( Figure 2 ). This ST was detected in 23 of 35 tagged broilers (66%; 95% CI 49%-79%) and in all ESBL-Epositive broilers (23/23) on day 1. In four broilers, ESBL-E of ST58 (B1; n " 2), ST140 (B2 3 ), ST155 (B1) or ST4358 (A1) were detected in addition to ST88 on day 1. On days 3, 4, 7 and 10 a shift occurred in the dominant ST (Figure 2 ), i.e. the prevalence of ESBL-E ST88 decreased to 3% (95% CI 1%-15%) on day 3 and stayed low until slaughter. The prevalence of ESBL-E ST10 (clonal complex 10, also belonging to phylogenetic group A1) among the 35 broilers increased from 0% on day 1 to 80% (95% CI 64%-90%) on day 3 and was 71% (95% CI 55%-84%), 71% (95% CI 55%-84%) and 49% (95% CI 33%-64%) on days 4, 7 and 10, respectively. ST10 was found either alone or in combination with other STs, including ST58 (B1), ST106 (D1), ST155 (B1), ST2001 (D1) or ST3258 (D2). On day 42, ST10 (A1), ST88 (A1) or ST155 (B1) was found in two ESBL-E-positive broilers (6%; 95% CI 2%-19%) each. On day 70, ST10 and ST88 were detected in only 1 ESBL-E-positive broiler each (3%; 95% CI 1%-15%), whereas in the other 11 positive broilers ST1551 (D2) predominated and was found in 9 broilers (26%; 95% CI 14%-42%). In addition, ST155 (B1) was detected in three broilers (9%; 95% CI 3%-22%), including one broiler that carried both ST155 and ST1551. In none of the samples from the selected broilers was the same ESBL-E according to ST detected at all sampling times.
During round_2 neck tags were no longer visible at the end of the production round, which made it impossible to follow individual broilers. Consequently, the ST of a small number of ESBL-E isolates (n " 31) was determined, with a focus on days 2 and 3 (10 randomly selected tagged broilers) [ Table 2 (also see Table S1 )]. On day 1 the only ESBL-E-positive broiler was a nontagged animal [with ST88 (A1), data not shown]. This ST was also encountered in all typed isolates from tagged broilers on day 2 (100%; 95% CI 72%-100%), in addition to four other STs. The number of animals in which ST88 was detected dropped to four at day 3 (40%; 95% CI 17%-69%); three STs also identified on day 2 were still found on day 3 [ST101 (B1), ST117 (D2) and ST162 (B1)] and five STs that were not previously detected appeared (Table 2) .
In both rounds samples from the broiler house were already ESBL-E positive before the chicks were released from the transport boxes. In round_1 ESBL-E isolates typed as ST88 were found in air samples, whereas in round_2 this ST again predominated in broiler house wipes, but other STs [ST43 (A1) and ST117 (D2)] were also detected ( Table 3) . Isolates from the delivery van and transport boxes included ST10 (A1), ST58 (B1), ST88 (A1), ST90 (A1) and ST106 (D1). One sample taker was positive for ESBL-E ST636 (B2 3 ) and remained positive for this ST throughout the study. This ST was not found among isolates from the broilers or from the farm environment. Figure 3 visualizes the allelic difference of the various STs found throughout production round_1 as well as round_2.
Plasmid typing of 37 ESBL-E tagged broiler isolates showed the presence of IncI1/ST3 in all of them, except for one because the transformation failed (Table S1 ). The plasmids were characterized from ESBL-E isolates obtained from six sampling days of round_1 (days 1, 3, 4, 7, 10 and 70) and nine different STs, i.e. ST10 (A1; n " 17), ST88 (A1; n " 4), ST106 (D1; n " 4), ST155 (B1; n " 4), ST3258 (D2; n " 3), ST58 (B1), ST1551 (D2), ST2485 (D2) and NEW1 (B1).
Discussion
The present study showed the presence of the same ESBL gene (bla CTX-M-1 ) on a similar plasmid (IncI1/ST3) in a variety of ESBL-E STs in individual broilers over time. A rapid shift in the dominant STs occurred within 48 h after arrival on the farm. Nearly 30% of the day-old broilers were already ESBL-E positive at arrival on the farm in round_1 and 90.4% of the isolates belonged to ST88 (phylogenetic group A1). Despite the lack of selective pressure due to antibiotic administration, the prevalence of ESBL-E increased sharply within 48 h. This increase was not caused only by clonal expansion of ST88, as the same gene and plasmid were found in different ESBL-E STs: first a shift towards ST10 (also belonging to phylogenetic group A1) was observed from day 3 to day 10, followed by a shift towards ST1551 (D2) at slaughter age. ESBL-E of ST88 was occasionally still found throughout round_1 in samples from 3%-14% of the 35 broilers for which MLST was performed (Table 1) . Thereafter, clonal expansion of the recipient strain most likely resulted in the shift towards other predominant E. coli STs in the broiler flock. Although ST88 and ST10 both belong to phylogenetic group A1, they group in different clonal complexes and differ in all seven alleles used for MLST (Figure 3 ). In addition, after day 3 shifts to unrelated MLST STs belonging to different phylogenetic groups were found ( Figure 3 and Table S1 ). This suggests that the variation in predominant E. coli STs carrying IncI1/ST3 plasmids with bla CTX-M-1 is caused by horizontal transfer (conjugation) and clonal expansion of the recipient rather than rapid evolution of the ESBL-E by mutations or introduction of different clones from multiple sources. In the latter case one would expect a larger variety of van Hoek et al.
plasmid types and ESBL genes. Some of the STs found in broilers, such as ST10 (A1), ST58 (B1) and ST106 (D1), were also found in broiler-associated samples, such as the paper lining of the transport boxes and the delivery van on day 1. These STs were probably not detected in cloacal swabs of the tagged broilers on arrival at the farm, because they were present in very low numbers or completely absent. Only a limited number of isolates per sample (one to four) were tested and consequently it is possible that not all STs present in a sample were detected. Clonal expansion of these STs due to shifts in the gut microbiome caused by changes in diet or the developing immune system might also partly explain the switch in the predominant STs. Most studies only investigate one colony per sample, but the results of this study indicate that this approach underestimates the within-host diversity. The finding of variation in ESBL-E STs over time within one broiler chicken could also be the result of changes in the availability of niches for particular E. coli populations during the first days post-hatching. 15 However, broilers could also have been contaminated by ESBL-E strains from the environment, as there was overlap between the STs found in the environment before the arrival of the chicks and All isolates of these randomly selected broilers were typed by MLST. c The ESBL plasmids of all isolates with different STs found in these randomly selected broilers were typed by PBRT and pMLST. d NEW1 is an unknown ST with the following alleles: adk503, fumC4, gyrB14, icd16, mdh24, purA8 and recA14.
ESBL E. coli carriage in organic broilers JAC the STs found in the broilers. This study did not include the isolation of susceptible E. coli, which would have provided an insight into the STs of the susceptible E. coli population. This might have helped to confirm horizontal transfer of this ESBL plasmid to the resident E. coli isolates present in the broilers. A possible limitation of the study is the use of selective enrichment as this could theoretically promote the growth rate of certain E. coli strains. All samples, however, were cultured in the same way and all ESBL-E contained the same ESBL gene and plasmid. Therefore, it seems unlikely that the shifts were caused by this enrichment step, as different STs were predominant at different timepoints during the study and the growth rates of E. coli strains with similar cefotaxime MICs in the same broth are expected to remain constant over time.
The present study also shows that MLST has added value because of its superior discriminatory power compared with analysis of the phylogenetic group alone. Changes within the same phylogenetic group would have otherwise gone undetected.
Upon arrival on the farm in subsequent round_2, none of the tagged broilers was found to be colonized with ESBL-E. However, after 1 day 75% of the broilers were ESBL-E positive and again ST88 was dominant, followed by an increase to 91% ESBL-Epositive broilers and a shift to other STs (ST10, ST101, ST117, ST131, ST155, ST162, ST338 and NEW3) on day 3, comparable with round_1. Environmental samples were ESBL-E positive before arrival of the day-old chicks and ST88 predominated, although this ST was not found frequently in the broilers of round_1 at slaughter. Probably certain STs, such as ST88, can survive better in the farm environment than other STs. ST88 was also found in the delivery van, the paper lining of the transport boxes and in one untagged broiler, signifying that it was present at a low prevalence in day-old chicks before release into the broiler house. The ESBL-E from a sample taker harboured a different CTX-M group 1 gene, bla CTX-M-15 in E. coli ST636, which was not found in any sample from the broilers or environment, indicating that the isolates from the sample taker were unrelated and originated from a different source. van Hoek et al.
The most prevalent E. coli STs identified in the current study (ST10, ST58, ST88, ST155), in combination with bla CTX-M-1 and/or an IncI1/ST3 plasmid, have been described in different countries and from various sources. For example, E. coli ST155 carrying bla CTX-M-1 on IncI1 have been found in Swedish broilers. 16 In human patients and chicken meat bla CTX-M-1 was associated with ST10, ST23, ST117 and ST155. 17 In individuals living or working on broiler farms, bla CTX-M-1 was also present in E. coli ST10 and ST88. 2 In companion animals, this ESBL gene was found in combination with e.g. ST58, ST88 and ST117. 11, 18 In France, IncI1/ST3 with bla CTX-M-1 was dominant among both diseased and healthy humans, 19 but also among several animal species. 20 Apparently, the bla CTX-M-1 /IncI1/ST3 combination is very successful and able to persist in various E. coli STs irrespective of the phylogenetic backbone of the bacterial host and in different reservoirs.
In conclusion, this study gives a detailed picture of the ESBL-E dynamics over time in a flock of broilers without the selective pressure of antibiotics. The rapid dissemination of ESBL-E on this organic broiler farm was not due to the spread of one specific E. coli clone, but the result of horizontal transfer of an IncI1/ST3 plasmid carrying bla CTX-M-1 and the spread of multiple clones, already present in the broilers on arrival and in the farm environment. Broiler house 5/6 (n " 10) 88 (n " 10) 5/11 (n " 12) 88 (n " 6), 43 (n " 3), 117 (n " 2), NEW2 b Transport delivery van 2/2 (n " 6) 58 (n " 3), 88 (n " 2), 10 1/1 (n " 2) 88 (n " 2) transport box 4/5 (n " 12) 88 (n " 10), 106, NEW1 NEW1 is an unknown ST with the following alleles: adk503, fumC4, gyrB14, icd16, mdh24, purA8 and recA14. NEW2 is an unknown ST with the following alleles: adk6, fumC11, gyrB4, icd8, mdh364, purA12 and recA2. c The isolates from the sample taker were carrying bla CTX-M-15 ; all other isolates carried bla CTX-M-1 . (Table S1 ) with alleles not present in the E. coli MLST database have been given artificial allele numbers in order to include them in the MST analysis. The colours of the circles represent the sources of the isolates (see the key in the figure) . This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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